A B S T R A C T Bile secretory failure (cholestasis) may result from several possible mechanisms involved in bile secretion. We have examined the possibility that abnormalities in enzyme content, composition, and turnover of liver plasma membrane constituents are altered in cholestasis.
Severe and mild cholestasis were produced by 5 days of bile duct ligation and ethinyl estradiol administration, respectively. Bile duct ligation but not ethinyl estradiol treatments was associated with elevations of the serum bilirubin level and 5'-nucleotidase activity. However, basal bile flow and bilirubin transport maximum (T.) were significantly reduced after ethinyl estradiol treatment. Liver plasma membrane fractions rich in canalicular membranes were prepared from groups of rats in each of three categories: normal, after bile duct ligation, or ethinyl estradiol administration, and their respective controls. Electron microscopy and enzyme marker studies demonstrated plasma membrane fractions free of significant contamination.
Plasma membrane fractions prepared from mild as well as severe cholestasis had increased alkaline phosphatase activity, and reduced 5'-nucleotidase and Mg'+-ATPase activities. Co'+-CMPase activity was unchanged. Kinetic analysis of 5'-nucleotidase and Mg'+-ATPase activities in plasma membrane fractions demonstrated reduced Vrna (but unaltered Ki). Reducted Vmax was unrelated to addition in vitro of di-or trihydroxy bile salts or ethinyl estradiol and, therefore, suggests that reduced activities in cholestasis are due to decreased enzyme content. Cholestasis was not associated with changes in the synthesis or degradation rate of pulse-labeled plasma This investigation was performed during tenure of special fellowship (AM 40777) to Dr. Simon. Dr. Simon's present address is the University of Colorado Medical Center, Division of Gastroenterology, Denver, Colo. 80220.
Received for publication 25 Jutly 1972 and in revised form 27 November 1972. membrane proteins or alterations in the major protein bands separated on sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis.
Plasma membrane cholesterol, phospholipid, and neutral sugar content was unaltered, but sialic acid content was significantly increased in both forms of cholestasis. Alterations in specific canalicular enzymes in two forms of cholestasis suggest that these changes may be involved in the pathogenesis of bile secretory failure, or may result from cholestasis.
INTRO D U CTION
Bile secretion involves bile salt-dependent and independent fractions (1) as well as pathways for organic anions (2) , cations (3) , and neutral compounds (4) . In addition, bile salts, the major organic anions in mammalian bile, appear to be excreted by a pathway different from that involved in biliary excretion of other organic anions such as bilirubin, various dyes, and cholecystographic agents (5, 6) . Theoretically, bile secretory failure (cholestasis) can result from several mechanisms involving these pathways of bile secretion. Current hypotheses include altered bile salt metabolism and excretion (7, 8) , abnormalities of the endoplasmic reticulum in the liver cell (9) , increased biliary epithelial reabsorption of bile substituents (10) , enhanced back-diffusion across bile brane proteins may be involved in the pathogenesis of bile secretory failure.
METHODS
Male Sprague-Dawley rats (200-300 g) (Marland Farms, Peekskill, N. Y.) were used in all experiments. Animals were randomly divided into three groups. The first group was untreated and is referred to as normal. The second group of animals consisted of bile duct-ligated rats and their controls which underwent sham operations. Ethinyl estradiol was administered to the third group of rats, and its vehicle, propylene glycol, to controls. Rats were fed Purina Rat Chow ad lib., and were caged in a room at constant temperature (220C) with alternating 12 h of light and darkness. No insecticides were used.
Under ether anesthesia, extrahepatic obstruction was produced by double ligation and transection of the common bile duct close to the hilum of the liver with removal of the intervening segment. Sham-operated animals were handled in a similar manner; however, the bile duct was neither ligated nor resected. Both groups of animals were allowed to eat ad lib. after surgery. Bile duct-ligated and shamoperated rats were studied 5 and 4 days, respectively after surgery. Bile secretory failure was produced also by subcutaneous administration of ethinyl estradiol (Wyeth Laboratories, Philadelphia, Pa.), 0.5 mg/100 g body wt daily for 5 days. Ethinyl estradiol was dissolved in propylene glycol (5 mg/ml) by heating to 50'C for 10 min. Control animals were similarly injected with equal volumes of propylene glycol daily for 5 days.
Because ethinyl estradiol-treated rats had normal serum bilirubin concentration, cholestasis was confirmed by determination of the maximum capacity of the liver to excrete bilirubin (13) . Randomly selected rats treated with ethinyl estradiol or propylene glycol were fasted overnight and anesthetized with intraperitoneal Nembutal (0.08 ml/100 g body wt). The common bile duct was cannulated with polyethylene tubing no. 10 (14) .
Plasma membranes were prepared from livers of normal and cholestatic rats as previously described (15, 16) . With the exception of studies using double labeled isotopes, plasma membrane fractions were prepared from 30 g of liver obtained from three rats. All procedures were performed at 5°C. Rats were anesthetized with ether and the liver was quickly removed. The final membrane fraction was washed in cold 1 mM NaHCO,. Plasma membrane preparations in 1 mM NaHCO, at a protein concentration of 2-4 mg/ml were either assayed immediately or stored at -20°C until examined. The purity of each preparation was monitored by phase contrast microscopy; preparations which contained more than one nucleus per low power field were discarded.. Purity of each preparation was determined also by several enzyme markers and selected preparations were examined byelectron microscopy.
Washed plasma membrane preparations were suspended in cold 0.25 M sucrose buffered in 0.01 M phosphate buffer pH 7.4. A pellet was prepared by centrifugation at 20,000 g X 30 min. Each pellet contained 6-10 mg protein, was fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 (17) , postfixed in 1% osmium tetroxide in 0.1 M phosphate buffer (18) , and embedded in Epon (19) . Thin sections were stained with lead citrate (20) and examined in a Siemens Elmiskop 1 electron microscope (Siemens Corp., Medical Industrial Div., Iselin, N. J.
Alkaline phosphatase activity (EC 3.1-3-1) was measured by the method of Bodansky (21) using 15 mM #-glycerolphosphate as substrate in barbital buffer pH 9.8, 10 mM MgCl2; 5'-nucleotidase activity (EC 3-1-3-5) by the method of Song and Bodansky (22) ; and glucose-6-phosphatase activity (EC 3*1*3*9) by the method of DeDuve, Pressman, Gianetto, Wattiaux, and Appelmans (23) . Magnesiumstimulated ATPase activity (EC 3-6-3-5) was measured by the method of Emmelot, Bos, Benedetti, and Rumke. This activity was neither stimulated by sodium at concentrations between 50 and 105 mM nor inhibited by ouabain at 10-' mM. Cobalt-stimulated cytidine monophosphatase activity (EC 3*1 *3*1) was measured as described by Ma and Biempica (25) Wilkinson (27) .
The effect of taurocholate, chenodeoxycholate, and ethinyl estradiol on enzymatic activities of plasma membrane preparations was determined in vitro. Conjugated, purified bile salts (28) at several concentrations were mixed with normal plasma membranes at room temperature immediately before assay of 5'-nucleotidase, Mg2+-ATPase, and alkaline phosphatase activities. Ethinyl estradiol was dissolved in absolute ethanol and added to normal plasma membrane preparations at a final concentration of 5 X 10' M.
Studies of possible enzyme inhibitors or activators were performed by adding equal volumes of plasma membrane fractions prepared from rats with bile duct ligation or after ethinyl estradiol treatment to plasma membrane fractions prepared from normal rats. Observed activity was compared with predicted values.
Alkaline phosphatase (p-glycerolphosphate) and 5'-nucleotidase (adenosine monophosphate) activities were determined in serum obtained from the inferior vena cava immediately before death. Samples were stored at -20'C for up to 2 wk and analyzed in duplicate as described by Dixon and Purdom (29) . Enzymatic activity was stable for at least 1 month.
The synthesis and relative rates of degradation for pulselabeled liver plasma-membrane proteins wvere determined in normal and control rats and rats with cholestasis (16, 30 Proteins (1-2 mg) were precipitated by equal volumes of cold 10% TCA and collected on glass fiber disks (Whatman). Each sample was washed serially with acetone, ether, alcohol, and cold 5% TCA. Disks were dried under negative pressure and transferred to counting vials; 0.5 ml of Protosol (New England Nuclear) was added, and proteins were digested for 12 h at room temperature (220C). 10 ml of Toluene-Omnifluor (New England Nuclear, containing 98% 2,5-diphenyloxazole and 2% bis-MSB, 4 g/ liter toluene) solution was added and radiolabeled specimens were counted in a Packard refrigerated liquid scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill.). Tritium was counted at 29% and 14C at 70% efficiency. No significant 3H activity was present in 14C channel, and 22% of 14C counts was present in 3H channel. Counting was performed to at least 1% accuracy and quenching was corrected by external standardization. Protein synthesis was determined by 3H sp act 12 h after administration of [3H] leucine. Relative degradation of pulse-labeled membrane proteins was determined by the ratio of 3H/14C in each sample. In order to correct for differences in body weight, amount of isotope administered and free amino acid pools, a turnover index was calculated by dividing the plasma membrane 3H/14C ratio by its respective whole liver homogenate 3H/14C ratio (31).
Reagents were either analytical grade or the highest purity available. Protein was determined by the method of Lowry, Rosebrough, Farr, and Randall (32) using bovine serum albumin (BSA) as standard. Organic phosphorous was measured by the method of Bartlett (33) , and total cholesterol after saponification (34) was determined by the method of Zlatkis, Zak, and Boyle (35, 36) and sialic acid by the method of Warren (37) using NV-acetylneuraminic acid as standard on membranes dialyzed overnight against 1 mM NaHCO3 to remove adherent sucrose.
Freshly prepared, saline-washed plasma membrane samples from control rats and rats with cholestasis were solubilized in 2% sodium dodecyl sulfate (SDS) (wt/vol) and 5% g-mercaptoethanol (vol/vol) and were separated on 5% acrylamide gels containing 0.1% SDS; and electrophoresis was performed in neutral phosphate buffer (16) . Gels were fixed overnight (18 h) in 12% TCA and stained with fresh 0.25% coomasie blue for 2 h. In some studies, gels were fixed in TCA overnight, repeatedly washed in distilled water for an additional 24 h, and stained for carbohydrates using a periodic acid-Schiff stain as described by Zacharias, Zell, Morrison, and Woodlock (38) .
All gels were destained by repeated washing with 7% acetic acid. Protein and carbohydrate-stained gels were usually examined with respect to number, sequence, and intensity of staining of protein bands. Molecular weights of the seven major stained plasma membrane proteins and three periodic acid-Schiff staining bands were determined graphically as described by Shapiro, Vinuela, and Maizel (39) . Immunoglobulin G (160,000), bovine albumin dimer (134,-000), bovine albumin (67,000), ovalbumin (45,000), chymotrypsinogen A (25,000), and myoglobin (17,800) were obtained from Mann Research Laboratories, Inc., (New York) and electrophoresed under identical conditions as described for plasma membranes.
Students' t test was used for statistical analysis of results (40) . P values equal to or less than 0.05 were considered significant. Standard error for Michaelis-Menten constants were derived from the nonlinear curves as described by Wilkinson (27) .
RESULTS
5 days after bile duct ligation, serum bilirubin concentration and 5'-nucleotidase activity were significantly elevated (Table I ). Serum alkaline phosphatase activity was normal at 5 days, although it was increased by 200% 18 h after bile duct ligation. Ethinyl estradiol administration did not increase serum bilirubin or 5'-nucleotidase and alkaline phosphatase activities; however, basal bile flow was reduced by 30% (P < 0.025) and bilirubin Tm,, was reduced by 50% (P < 0.005) when compared with controls ( Fig. 1) . After 5 days of bile duct ligation, rats lost 13.5±3.8% of their body weight compared with 1.8+0.6% for sham-operated animals (P < 0.001). Ethinyl estradiol treatment also resulted in 1.6±0.4% loss of body weight, while propylene glycol-treated animals gained 8.2±2.1% of their body weight over 5 days (P < 0.001).
Liver sections were stained with hematoxylin and eosin. Light microscopic examination of ethinyl estradioltreated rats appeared normal and were similar to sections from propylene glvcol-treated rats. Liver sections obtained from bile duct-ligated rats revealed portal triad inflammatory cell infiltrates, bile duct proliferation, and occasional parenchymal cell necrosis.
Each plasma membrane fraction from normal, control, and cholestatic rats was examined by phase microscopy which revealed only rare nuclei and no unbroken cells. Electron microscopic appearance of a single plasma membrane preparation from each type of cholestasis was similar to those seen with control rat plasma membrane fractions. Sheets of membranes frequently connected by intercellular junctional processes and occasional structures resembling bile canaliculi were seen (Fig. 2) . Rarely, a fragmented mitochondrion or lysosome, was present.
In normal rats the specific activities of enzymes associated primarily with the canalicular membrane (alkaline phosphatase, 5'-nucleotidase, and Mg'-ATPase) (41, 42) were increased 21-to 36-fold compared with their respective specific activities in homogenates (Table II) .
The specific activity of Co'-stimulated CMPase, a sinusoidal membrane enzyme (25) , was increased eightfold. Glucose-6-pliosphatase activity was not detected in plasma membrane fractions. Both ethinyl estradiol treatment and bile duct ligation increased the specific activity of alkaline phosphatase (P < 0.025) and decreased 5'-nucleotidase (P < 0.05) and Mg'+-ATPase activities (P < 0.025) as compared with controls (Table III) Cobalt CMPase activity was not altered in rats with cholestasis. Alkaline phosphatase, Mg'-ATP- To determine whether decreased 5'-nucleotidase and Mg2'-ATPase activities in cholestasis are related to inhibition of activity or decreased content of enzyme protein, Km (dissociation constant), and Vrna: (the maximal reaction rate) were determined ( (Fig. 3) . Neither type of experimental cholestasis has altered rates of synthesis or degradation (turnover index) of pulse-labeled membrane protein.
Liver plasma membrane content of cholesterol, phospholipid, and neutral sugars was not significantly different in control or cholestatic rats (Table VI) . Sialic acid content of plasma membranes obtained from bile duct-ligated or ethinyl estradiol-treated rats was significantly elevated (P < 0.05). Fig. 4 shows representative electrophoretic plasma membrane protein patterns obtained in control and cholestatic rats. Many protein bands with a wide range of molecular weights (16,000-250,000 mol wt) were observed. Although it is not possible to accurately quantitate the concentration of protein present in each band, we identified the seven qualitatively major membrane protein bands by molecular weight in each preparation and they were not altered qualitatively. Protein bands Glucose-6-phosphatase ND (2) ND (3) ND (2) ND (3) Liver plasma membranes were prepared as described by Neville (12) , washed with 0.15 M NaCl and enzymatic activities determined as described in text. Ethinyl estradiol, propylene glycol, and bile duct-ligated animals were sacrified after 5 days, while sham-operated rats were studied at 4 days. (39) .
suggest that these changes may be important in the pathogenesis of bile secretory failure.
Enzymatic and electron microscopic examinations of plasma membrane fractions obtained from control and cholestatic rats reveal preferential selection of canalicular membranes. Plasma membrane fractions were greatly enriched in canalicular enzymes, (alkaline phosphatase, 5'-nucleotidase and Mg2t-ATPase) as compared with Co25-CMPase activity, a sinusoidal enzyme. This conclusion was also reached by Pohl, Birnbaumer, and Rodbell using the same preparation method and adenyl cyclase as a marker enzyme for the sinusoidal membrane (48) . Electron microscopic demonstration of many junctional complexes and canalicular-like structures also indicates that these preparations are rich in canalicular Quantitation of plasma membrane enzymes cannot be accomplished at present, because methods for their isolation and purification to homogeneity are not available. Kinetic analysis of partially purified enzyme preparations was therefore utilized to study alterations in 5'-nucleotidase and Mg2+-ATPase in liver plasma membranes. In cholestasis of both types, the Vra: of 5'-nucleotidase and Mg2+-ATPase was reduced, suggesting either reduced content or inhibition of enzyme activity. The alteration of Km for Mg2+-ATPase in extrahepatic obstruction but not after ethinyl estradiol treatment suggests part of the reduction may result from noncompetitive inhibition in severe cholestasis. Inhibition, however, does not appear to be a major cause of the reduced activity in cholestasis since mixing experiments and in vitro additions of ethinyl estradiol and bile salts did not significantly inhibit 5'-nucleotidase and Mg2+-ATPase activities. The mild stimulation of alkaline phosphatase activity by taurocholate and inhibition by ethinyl estradiol in vitro suggests that accumulation of these agents is probably not an important mechanism of controlling enzyme activity. Bile salt inhibition of plasma membrane Mge+-ATPase activity, has been shown, using concentrations 20-200 times greater than those found in the livers of bile duct-ligated rats (49, 50) . CobaltCMPase activity was unchanged in cholestasis, consistent with the hypothesis that membrane alterations in cholestasis occur primarily at the canalicular surface.
Proteins constitute 505% of liver plasma membrane dry weight, and consist of at least 20-25 species with a wide range of molecular sizes (16) . Adequate solubilization of membrane proteins has been achieved only with denaturing agents such as SDS which dissociates proteins into polypeptide chains with consequent loss of enzyme activity (51, 52) . SDS-polyacrylamide gel electrophoresis of plasma membrane proteins, demonstrated that the majority of proteins are unchanged in cholestasis: however, loss of qualitatively minor bands which differed in each model of cholestasis were observed. Specific membrane enzymes quantitatively contribute a minor role to the complex plasma membrane protein gel patterns; therefore, it is not possible to identify changes in SDS-polyacrylamide gel bands that represent canalicular enzymes (53) . Measurement of synthesis and relative degradation rates of pulse-labeled plasma membrane proteins indicated that turnover was unchanged in cholestasis. Therefore, the alterations in alkaline phos- (56) , and sialic acid (57) are increased in cholestasis. The only change in plasma membrane composition observed in cholestasis was an increase in sialic acid. This increase may reflect the rise in membrane activity of alkaline phosphatase. which is rich in sialic acid (58) .
The mechanism(s) by which reduced 5'-nucleotidase and Mg'-ATPase activities are related to cholestasis is unclear. Reduced hepatic plasma membrane 5'-nucleotidase activity occurs in several experimental models of cholestasis, such as hypophysectomy (13, 59, 60) , essential fatty acid deficiency (61, 62) , viral hepatitis in mice (63) . nutritional hepatic necrosis (64) . and also in newborn animals (65, 66) . This observation of reduced 5'-nucleotidase activity in many different models of cholestasis suggests that the enzyme deficit may result in reduced excretion of organic molecules across the canalicular membrane (41) .
The pathogenesis of cholestasis is not known. The present studies suggest that specific canalicular enzymes are altered in cholestasis. Reduced activity of 5'-nucleotidase and Mge-ATPase in two forms of cholesta sis suggests that these alterations may be involved in the pathogenesis of bile secretory failure, or possibly may result from cholestasis.
